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High-temperature phase transitions in SrZrO3
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The high-temperature phase transitions of SrZrO3 have been studied using powder neutron diffraction and
the Rietveld method. The material is tetragonal (I4/mcm) between;1020 and 1360 K. At higher temperatures

~.1360 K! the structure was found to be the ideal cubic perovskite (Pm3̄m). From the neutron-diffraction
data and the space-group assignments, the transition from the tetragonal to cubic phase is consistent with a
continuous phase transition. The angle of tilt of the oxygen octahedron in the tetragonal phase is taken to be the
order parameter and its temperature variation is typical of a tricritical phase transition.
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INTRODUCTION

A number ofABO3-type oxides that adopt the orthorhom
bic GdFeO3-type structure under ambient conditions under
structural transitions to the archetypal cubic perovsk
structure at elevated temperatures.1 One of the best-
studied examples is SrZrO3, which is reported to undergo a
least three phase transitions as follows:2–5

Orthorhombic(Pnma)→orthorhombic(Cmcm)→tetragonal
(I4/mcm)→cubic(Pm3̄m) at 970 K, 1100 K, and 1440 K
respectively.

The degree of distortion of these perovskites may be
scribed by tilting of theBO6 octahedra, and even where
structural transition is not observed the tilt angle decrease
the temperature increases. A number of workers have u
such changes to infer the presence of thermally indu
phase transitions.6

Despite the importance of many perovskite-type oxid
under nonambient conditions, for example MgSiO3 as it oc-
curs in the earth’s mantle, or CaTiO3 which is a key compo-
nent of Synroc used to immobilize nuclear waste,7 only a
limited number of accurate high-temperature structural st
ies on perovskites have been reported.8–12 Consequently it is
not yet possible to identify any systematics in the therm
behavior of the GdFeO3-type perovskites.

Recently Howard and Stokes13 used group-theoretica
analysis to describe the relationship between the var
structures derived from the aristotype cubic perovskite by
tilting of rigid octahedral units. This analysis suggested p
sible pathways by which the phase transitions could oc
The analysis showed that the transitions fromPm3̄m to
I4/mcm and then toCmcmcould be continuous howeve
there is no continuous path for the transition fromCmcmto
Pnma.

We therefore sought to confirm the pathway for the co
version of SrZrO3 from orthorhombic ~Pnma! to cubic
(Pm3̄m) and to better characterize the tetragonal-to-cu
transformation. The present paper reports new data on
evolution of the crystal structure of SrZrO3 at high tempera-
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method for data analysis.

EXPERIMENTAL

Powder samples of SrZrO3 were obtained from Aldrich
chemicals and used as received. The neutron pow
diffraction patterns were recorded using neutrons of wa
length 1.5005 Å, in 0.05° steps over the range 11°,2u
,135° on the powder diffractometer on HB4 at the Hig
Flux Isotope Reactor at Oak Ridge National Laboratory14

The sample was compacted into a cylinder and placed
thin-walled 9-mm-diameter vanadium can. The sample
sembly was housed in an ILL-type vacuum furnace unde
dynamic vacuum of around 1026 torr. The data were col-
lected first at room temperature and then at successi
higher temperatures. The structural refinements were un
taken using the Rietveld programLHPM operating on a PC.15

The background was defined by a third-order polynomia
2u and was refined simultaneously with the other profile p
rameters. A Voigt function was chosen to generate the
shape of the neutron-diffraction peaks where the width of
Gaussian component was varied according to full width
half maximum, (FWHM)25U tan2 u1V tanu1W to de-
scribe instrumental and strain broadening and that of
Lorentzian component ashsecu to model broadening due to
particle size. The 2u region near 38° affected by a peak fro
the furnace heating element was excluded from the refi
ments.

RESULTS AND DISCUSSION

Thermal behavior

Examination of the powder neutron diffraction da
confirmed the following sequence of phase tran
tions: orthorhombic (Pnma)→orthorhombic (Cmcm)
→tetragonal (I4/mcm)→cubic (Pm3̄m), where the tetrag-
onal (I4/mcm) phase exists over a reasonably wide te
perature range from about 1023 to 1353 K. The tempera
variations of the cell parameters and volume are shown
4023 ©1999 The American Physical Society
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Fig. 1. The identification of the appropriate symmetry
volved a careful examination of the various, weak, sup
structure peaks that are a result of tilting of the octahed
Figure 2 illustrates some of the weak reflections that
diagnostic of the different phases.

Orthorhombic structure „Pnma…

Under ambient conditions SrZrO3 is reported to be isos
tructural with the mineral perovskite and has aA2a3A2a
32a orthorhombic superstructure.3 For consistency with
other studies of GdFeO3-type perovskites the structure wa
refined in the alternate setting,Pbnm giving the following
atom positions: Sr 4c ~0.0040, 0.5242, 1/4! Zr 4a ~0,0,0!
O~1! 4c ~20.0687, 20.0133, 1/4!, and O~2! 8d ~0.2154,
0.2837, 0.0363! and a55.7963 b55.8171, c58.2048 Å.
The structure is essentially as described by Ahteeet al.,3 the
present refinement affording slightly higher precision than
that earlier study.

Orthorhombic structure „Cmcm…

While there is no obvious hierarchical reason why pero
kites withPnmasymmetry should proceed via an intermed
ate orthorhombic phase in their transformation to a tetra
nal phase, analysis of the powder neutron-diffraction patte

FIG. 1. Temperature dependence of~a! the normalized lattice
parameters for SrZrO3 ~b! the volume of the primitive cell for
SrZrO3. The data were collected while heating the sample exc
for the point at 1223 K that was collected during a cooling cycl
r-
a.
e

n

-

o-
s

shows the presence of a second orthorhombic species
1000 K that is described in space groupCmcm. The refine-
ment was undertaken using idealized starting positions
by careful and systematic variations of the various positio
parameters satisfactory convergence was achieved. A cri
step in obtaining a stable refinement was to initially use c
straints, for example to independently refine each of the
and O positional parameters and to successively update t
in each subsequent cycle. Attempts to simultaneously re
all the positional parameters in the early stages of the refi
ment were unsuccessful. In fact, there are four equiva
solutions for the structure depending on the senses of the
of the oxygen octahedron around that Zr atom chosen to
at the origin. We believe the initial problems with the refin
ment arose when the Sr atoms were displaced from t
ideal position towards one of these solutions while the
atoms were displaced in an opposite sense.

In the final refinement we selected the origin to ena
direct comparison with the earlier study of Ahtee, Glaz
and Hewat.4 All the positional parameters and anisotrop
atomic displacement parameters, together with the vari
background and profile parameters were simultaneously
ied. The results are listed in Table I. These results are
excellent agreement with the previous work and show t
the ZrO6 octahedron is axially elongated with the two O~2!
atoms being'0.02 Å further from the Zr than the other fou
O atoms.

Tetragonal structure „I 4/mcm…

Part of the powder neutron pattern of SrZrO3 at 1273 K is
illustrated in Fig. 2. It is clear from the pattern that a numb
of superlattice lines associated with the tilted oxygen octa

pt

FIG. 2. Part of the powder neutron-diffraction profiles (l
51.5005 Å) showing the temperature dependence of some of
superlattice reflections associated with the titled octahedra.
shift of peaks to lower angle with increasing temperature is a re
of lattice expansion. In each case the solid line is that calculated
the Rietveld refinement and small vertical markers show the p
tions of all the allowed Bragg reflections.
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TABLE I. Structural and atomic displacement parameters~3100 Å2! for orthorhombic~Cmcm! SrZrO3 at
973 K.

a58.2700(6) Åb58.2732(6) Åc58.2586(4) Å

x y z U11 U22 U33 Ui j
a

Sr~1! 0 20.0071~27! 1/4 2.2~10! 2.6~9! 1.4~6!

Sr~2! 0 0.4897~28! 1/4 2.2~9! 4.1~13! 3.7~9!

Zr 1/4 1/4 0 1.3~1! 1.3~1! 1.3~1!

O~1! 0.2694~22! 0 0 3.5~8! 1.2~5! 7.7~10! 0.1~7!

O~2! 0 0.2300~25! 0.0405~15! 0.8~6! 7.0~12! 2.5~5! 0.4~5!

O~3! 0.2858~14! 0.2524~14! 1/4 2.3~5! 5.3~10! 0.4~3! 20.1~6!

aFor O~1! and O~2! only U23 has a nonzero value and for O~3! only U12 has a nonzero value.
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dra are still present. Examination of the data showed split
of the 12l type reflections indicative of tetragonal symmetr
As previously described by Ahtee and co-workersI4/mcm
was found to be the appropriate space group, this also b
found in SrRuO3 at 823 K,11,12and in SrTiO3 below 110 K.16

In this structure the Sr occupies the 4b site at~0, 1/2, 1/4!
and the Zr a 4c site at~0,0,0!. There are two types of oxyge
atoms, O~1! at a 4a site at~0, 0, 1/4! and O~2! on a 8h site
at ~1/41u, 3/41u, 0!. Refinement demonstrated this mod
to be appropriate, with appreciably better agreement betw
the observed and calculated profiles being obtained w
anisotropic thermal parameters were employed. The fina
fined parameters and measures of fit are given in Table

At 1023 K the ZrO6 octahedron is best described as t
ragonally compressed with the axial Zr-O~1! bonds being
about 0.02 Å shorter than the basal Zr-O~2! bonds 2.070 vs
2.089~3! Å. As the temperature is increased the in-plane
O~2! bond distances decrease while the axial Zr-O~1! dis-
g
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tances increase so that at 1353 K the two distances are w
the precision of the structural refinements, equal 2.077
2.079~3! Å. We note that at the same time the Zr-O~2!-Zr
bond angle approaches 180 degrees~Table II!. These results
clearly demonstrate that the tilting of the ZrO6 octahedron
can induce a slight distortion, in the absence of any unus
electronic effects associated with the Zr.

A second feature of the structural refinements is the la
anisotropy in the atomic displacement parameters of th
anions. These can be understood in terms of the vibra
perpendicular to the Zr-O bonds being favored over bo
compression. There is no evidence in these vibrations fo
soft mode anomaly near theCmcmto I4/mcm transforma-
tion.

Having obtained the cubic phase the sample was coo
again to 1223 K. As evident from Table II and Fig. 1 th
cubic-tetragonal transition appears to be fully reversible,
keeping with its proposed continuous nature.
TABLE II. Structural and atomic displacement parameters~3100 Å2! ~ADP’s! in tetragonal SrZrO3, I4/mcm. The symmetry imposed
constraints on the ADP for Sr, Zr, and O~1! areU115U22 andU125U135U2350. For O~2! they areU115U22 andU135U2350.

T ~K! 1023 1073 1123 1173 1223 1273 1323 1338 1353

a ~Å! 5.8456~3! 5.8498~3! 5.8506~3! 5.8569~2! 5.8577~4! 5.8617~3! 5.8665~3! 5.8676~4! 5.8697~3!

c ~Å! 8.2808~5! 8.2865~6! 8.2965~5! 8.3011~3! 8.3024~7! 8.3042~5! 8.3062~6! 8.3055~9! 8.3089~7!

V ~Å3! 282.96~3! 283.47~3! 283.99~3! 284.46~2! 284.87~4! 285.32~3! 285.86~3! 285.98~4! 286.13~3!

Sr U11 3.2~2! 3.7~2! 3.5~2! 3.4~1! 3.5~3! 4.0~2! 3.9~3! 4.8~4! 4.1~4!

U33 2.3~3! 2.2~4! 3.3~3! 3.4~2! 3.7~5! 3.0~4! 3.7~6! 2.5~7! 3.5~8!

Zr U11 2.1~2! 1.9~2! 1.5~1! 1.4~1! 1.7~2! 1.9~2! 1.8~3! 1.8~3! 2.0~3!

U33 20.1~3! 0.1~3! 1.2~3! 1.1~2! 1.0~4! 0.7~4! 1.0~5! 1.3~6! 1.0~7!

O~1! U11 7.1~5! 8.5~6! 7.4~4! 7.9~3! 9.0~8! 9.6~7! 9.7~1.0! 10.0~1.3! 10.9~1.3!
U33 1.1~4! 0.7~4! 1.3~3! 0.6~2! 1.1~5! 0.7~4! 0.9~5! 0.2~6! 0.1~7!

O~2! u 0.0364~6! 0.0334~6! 0.0323~5! 0.0300~4! 0.0278~9! 0.0252~7! 0.0214~8! 0.0169~9! 0.0151~9!

U11 2.2~2! 2.7~2! 3.0~1! 3.2~1! 3.7~3! 3.7~2! 4.1~3! 4.3~4! 4.3~5!

U33 6.7~5! 6.3~5! 6.7~4! 6.9~3! 6.6~6! 6.5~5! 7.1~7! 7.5~1.0! 7.5~1.1!
U12 1.2~2! 1.5~2! 1.9~2! 2.0~1! 2.7~3! 2.4~3! 2.7~4! 2.7~5! 2.8~5!

w ~°! 8.33 7.64 7.39 6.87 6.36 5.77 4.90 3.87 3.45
Zr-O~1! ~Å! 2.070~3! 2.071 2.074 2.075 2.076 2.076 2.077 2.077 2.077
Zr-O~2! ~Å! 2.089~1! 2.086 2.086 2.085 2.084 2.083 2.082 2.080 2.079
Zr-O~1!-Zr 163.44 164.77 165.29 166.33 167.19 168.50 170.20 171.59 173.10
RBragg ~%! 3.79 2.46 1.93 2.26 3.56 3.37 2.16 3.10 3.06
RP ~%! 8.81 8.67 8.31 6.03 11.79 8.57 8.52 9.76 8.67
Rwp ~%! 10.62 10.57 10.13 7.48 14.73 10.40 10.44 11.84 10.72
x2 1.06 1.05 0.97 1.01 1.03 1.03 1.03 1.03 1.12
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Cubic structure „Pm3̄m…

The diffraction patterns collected at or above 1373 K
not show evidence of any superlattice reflections, Fig. 2,
consequently the structure was refined in the cubic sp
group Pm3̄m where the Zr occupies the 1a sites at~0,0,0!,
Sr 1b sites at~1/2, 1/2, 1/2! and the O the 3d sites at~1/2, 0,
0!. It was observed during the refinements that considera
better agreement between the observed and calculated
terns was obtained when anisotropic rather than isotro
thermal parameters were included in the refinements.
oxygen atoms have their largest displacement amplitu
perpendicular to the linear Zr-O-Zr groups. This correspo
to the direction of the tilt observed in theI4/mcmstructure,
and as expected for a soft-mode transition to the tetrag
phase the magnitude of this displacement decreases sli
on heating from 1373 to 1423 K. The smaller displacem
along the Zr-O bonds increases slightly as the temperatu
raised over a similar range. The ZrO6 octahedron is now
regular with a Zr-O bond distance of 2.077 Å.

Phase transitions

We have confirmed the presence of an intermediate or
rhombic phase~space groupCmcm! in SrZrO3. This phase
has ana°b1c2 tilt system~using Glazer’s notation17! and is
necessarily obtained by first-order transition from the am
ent temperaturePbnmstructure (a1b2b2). The reason this
transition must be first order is, that it involves an abru
change from a structure with tilts around one tetrad and
diad axis (a1b2b2) of the oxygen octahedron to one wit
tilts around two tetrad axes (a°b1c2). Howard and Stokes13

in their Fig. 1 indicate that a continuous transition fro
Cmcmto P21 /m(a1b2c2) is possible, however, we find n
evidence in our diffraction studies to suggest any lower sy
metry ~thanPnma! for the ambient temperature structure.

The transitions fromCmcm to I4/mcm(a°a°c2) and
from I4/mcm to Pm3̄m(a°a°a°) are both allowed to be
continuous in Landau theory13 and we observe a smoot
variation in the cell volumes through these transitions, F
1~b!. The first of these transitions has not been studied
great detail in this work, but evidence suggests it is conti
ous.

The high-temperature transition fromI4/mcm to Pm3̄m
has been studied in more detail and all the evidence indic
that it is continuous. The lattice parameters and variable o
gen position parameter show no measurable discontinu
-
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and limited measurements on recooling the sample show
hysteresis. In the single tilt tetragonal phase the angle
rotation of the oxygen octahedron$w5tan21 4u% can be
taken as the order parameter. The tilt angle decreases ste
as the temperature approaches the phase transition~Fig. 3!,
the variation with temperature being well described byw
}(Tc2T)1/4, whereTc is the transition temperature. Suc
variation is typical of tricritical phase transitions18 and is an
indication that the coefficient of the fourth power of the o
der parameter in the expression for the Gibbs free energ
negligibly small. This might be a common occurrence for t
tetragonal-to-cubic transition in perovskites.19 We noted
above that the octahedra are not rigid, there being a 0.
difference in the bond lengths at 1023 K, and the influence
their distortion is comparable to that of the octahedral tiltin
(12cos 8.2°51.0%). In these circumstances the derivatio
of the order parameter from the changes in the tetrago
distortion in the lattice would be quite inappropriate.
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